Solute-atom segregation is studied by Monte Carlo simulations for three high-angle symmetrical (002) twist boundaries in A u -1 at. % Pt and Pt-1 at. % Au alloys at T = 850 K. It complements our previous study, that focused mainly on low-angle boundaries in the same alloys. Solute enhancement occurs on the Pt-rich side of the phase diagram, while on the Au-rich side net depletion in solute is observed. Following the trend observed for low-angle boundaries, Au as a solute prefers the structural units of the perfect crystal type, while Pt as a solute is depleted at those sites. The solute concentration at structural units depends on the planar fraction of those units in the boundary.
I. INTRODUCTION
The phenomenon of solute-atom segregation at grain boundaries (GB's) has attracted considerable attention because of its practical and theoretical importance.1"6 Solute-atom segregation is the change of local composition of an alloy near an imperfection. It occurs because such changes decrease the free energy of the entire system. At interfaces solute-atom segregation is described by the Gibbs relation:
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7\/>,specified DOF's where rsoiute is the Gibbsian interfacial excess (or depletion) of solute, y is the interfacial free energy per unit area, and yj is the chemical potential of a solute atom. The five macroscopic geometrical degrees of freedom (DOF's)-responsible for the misorientation of the two grains and the orientation of the interface plane-are thermodynamic state variables.7 GB segregation occurs, therefore, in the phase space of 6 + C dimensions, where C is the number of chemical components of the alloy. This includes the conventional thermodynamic state variables: temperature, pressure, and bulk composition, as well as the five macroscopic DOF's of a GB. The three so-called microscopic degrees of freedom,8 that is, the rigid-body translation vector between the two grains, are assumed to be fully relaxed to minimize the Gibbs free energy of a bicrystal. Computer simulation is now extensively used to study solute-atom segregation at GB's9"18 because of the detailed atomistic information it provides. We systematically study (002) twist GB's by varying one macroscopic degree of freedom, the rotation angle in the irreducible interval 0 < 8 < 45°. At low values of 6 in fee crystals atomic relaxations produce square grids of screw dislocations with (a/2) (110)-type Burgers vectors, where a is the lattice constant. At high angles the cores of the dislocations overlap and it is convenient to decompose the GB structure into structural units (SU's). 19 They include perfect crystal-like units, filler units, corresponding to cores of the GB screw dislocations, and coincident site lattice (CSL) X = 5 units corresponding to the intersections of GB dislocations.
In our previous papers we studied solute-atom segregation at (002) symmetrical twist GB's in Au-Pt alloys1011 at 850 K and found rsoiute to be positive (solute enhancement) in Pt-1 at. % Au and negative (solute depletion) in A u -1 at. % Pt. The spatial distribution of solute near the GB's was analyzed in detail for low-angle GB's. On the Pt-rich side of the phase diagram solute enhancement was observed in bipyramidal regions based on the cells of the square grid of primary screw GB dislocations, while on the Au-rich side the same regions exhibited solute depletion. In this paper we present the results of a detailed investigation of solute-atom segregation at high-angle (002) boundaries in the Au-Pt system and compare it with the segregation behavior at the same GB's in other alloys. The main question of interest remains the relation between segregation and the structure of GB's on an atomic scale, and ultimately how the detailed atomic scale information obtained can be observed experimentally.
II. SIMULATIONS
The simulations are performed by the Monte Carlo method in the transmutational statistical ensemble. This is an offspring of the Grand Canonical ensemble, where the temperature, the total number of particles, and the difference in the excess chemical potentials are held constant. The total volume of the computational cell is allowed to relax, with the net effect being a constant pressure in the ensemble. The chemical identities of particles are changed, so that the atomic fraction of each component is a variable. It effectively leads to constant pressure conditions and allows one to study the redistribution of different atomic species in crystalline systems with imperfections. The simulation cell should be large enough to incorporate-besides the part where the imperfections and their stress fields are present-a reference crystal that is atomically perfect. The chemical composition in this bulk region is thus maintained constant, due to a constant difference of excess chemical potentials, while near the imperfections it changes to its correct equilibrium value. To obtain a trial configuration the following attempts are made:
1. The chemical identity of an atom is changed; this step is for modifying the local composition of an alloy, and it is basic to the phenomenon of solute-atom segregation. 2. The displacement of an atom from its position by a random vector with a magnitude smaller than 0.01 nm; this step allows for structural relaxation on an atomic scale. Note well that steps 1 and 2 are made simultaneously. 3. After, on the average, all the atoms in the bicrystal have undergone the above two attempts, an overall volume relaxation is implemented to maintain the bicrystal at constant pressure. To avoid the effects of the interfacial tension of GB's, which may be considerable in a small computational system, we fix the area of an interface at the bulk value, for a given temperature and bulk concentration of solute, by not permitting relaxation of the two periodic lengths in the plane of an interface. The periodic length in the direction normal to the interface is allowed to relax to relieve stresses in the bulk. This is very important in the case of GB's, where interfacial volume expansion is significant and is not a priori known. The relaxation occurs by rescaling the coordinates of all the atoms in a bicrystal by a small random quantity. The trial configuration is accepted or rejected based on the fundamental Metropolis algorithm21 that ensures convergence to equilibrium with a correctly weighted sampling of the configuration space in equilibrium. The computational method is described in detail elsewhere. 22 The total value of the internal energy, Etot, is calculated using embedded atom method (EAM) potentials2324 that have been developed for six facecentered cubic elements (Ag, Au, Cu, Ni, Pd, and Pt). The EAM potentials are empirical many-body long-range continuous potentials that have been used extensively for studying different physical problems in materials science. 25 We employed the so-called universal version of the EAM potentials24 which are not specifically fitted to dilute heats of solution. It is noted that current EAM potentials, although giving in general a very realistic picture of the phenomenon of segregation, may have some discrepancies with experimental data, for example, in the values of surface and stackingfault energies.22 Therefore, it is important to compare the results of simulations with experiments wherever possible; see Sec. V.
Prior to simulations for GB's similar runs are made for a perfect single crystal (4000 atoms) to determine the value of A/m-the difference in the excess chemical potentials-corresponding to the requisite value of solute-atom concentration. The equilibrium lattice constants for given concentrations are also obtained from those runs (104 Monte Carlo steps per atom). In the present study we consider dilute (1 at. % solute) alloys on both sides of the Au-Pt phase diagram. 26 The computational cell contains a bicrystal with the two grains rotated about a [001] direction, perpendicular to the (002) interface, to a given twist angle 6. Threedimensional periodic boundary conditions are imposed with two similar interfaces between the two grains. The geometrical plane of the interface is halfway between two adjacent (002) planes and contains no atoms. The high-angle boundaries studied correspond to the following 9 misorientations: 16.3° (2 = 25), 22.6°(2 = 13), and 36.9° (2 = 5). The separation between two interfaces is 16 (002) planes; that is, each grain consists of 16 planes. We previously found this separation to be sufficient to avoid elastic interactions between GB's and to provide a region of unstressed perfect crystal, the bulk, in the middle of each grain. In our Monte Carlo simulations we use a computational cell that is approximately (4 to 5) nm X (4 to 5) nm in the plane of the interface, which corresponds to between 208 and 240 atoms in one atomic plane, and is about 6.3 nm in the direction normal to the (002) GB plane. The overall number of atoms in the system is 7200 for 2 = 25, 6656 for 2 = 13, and 7680 for 2 = 5. The first 2.5 X 103 Monte Carlo steps atom"1 of each run are used for equilibration. The next 3 X 103 or 104 Monte Carlo steps atom ' are considered to represent equilibrium and are used for averaging. The time step for averaging was 10 Monte Carlo steps atom"1 to avoid temporal correlation effects. The averaging is performed over the coordinates of each atom i, and this average is identified with the position of an atomic site, i. Similarly, the average solute concentration is computed for each site, as the fraction of time it was occupied by the solute.
III. RESULTS
The concentration profiles normal to the interface for the three GB's investigated are shown in Figs. 1 and 2. The points correspond to average solute-atom concentrations at (002) planes parallel to the interface. A net enhancement in solute is observed on the Pt-rich side of the phase diagram ( Fig. 1) , while a net depletion in solute is observed on the Au-rich side (Fig. 2 ). The effect is confined mainly to two (002) planes either side of the interface and is much stronger at the planes immediately adjacent to the interface. planes overall) are displayed. Figure 3 exhibits the 2 = 25 (6 = 16.3°) GB in Pt-1 at. % Au. This misorientation is at the crossover region in 6 between the low-and highangle boundaries. The GB unit cell is indicated by double lines. The three types of structural units are framed with single lines. The perfect crystal-like region is framed in a large rectangle, the dislocation cores are shown in a small rectangle, and the intersections of the dislocations, the 2 -5 rosettes, are shown in a round frame. The gray circles denote atomic sites with solute concentrations above 2 at. %-that is, about two standard deviations above the average bulk concentration. The open circles correspond to sites with platinum concentrations below 2.0 at. %-that is, having the bulk concentration within statistical fluctuations. There are no sites with gold concentrations significantly smaller than the bulk value. Figs. 1 and 2 . This means that for the 2 = 13 GB the average solute concentration in the sites exhibiting segregation is higher (lower) than for X = 25 on the Pt-rich side of the phase diagram. The 2 = 5 (6 = 36.9°) GB is depicted in Fig. 7 for Pt-1 at. % Au and in Fig. 8 for Au-1 at. % Pt. This is the most "special" boundary with the simplest structure; the unit cell has one coincident and four equivalent noncoincident sites both in the first and second planes adjacent to the interface. In Fig. 7 the same significance as in Figs. 3 and 5, while two levels of solute enhancement, gray and black circles, can be distinguished. The gray circles denote the average concentration of gold between 2 and 3 at. % and the black circles denote the concentration of gold above 3 at. %. There are no sites with gold concentrations significantly smaller than the bulk value. Both the coincident and noncoincident sites in the first plane adjacent to the interface tend to be enhanced in solute. The magnitude of this enhancement is, however, different. The first plane has an average concentration of gold at coincident sites equal to 4.6 at.%, and at noncoincident sites it is 1.5 at.%. In the second plane the gold concentration is 2.5 at. % at coincident sites and 1.4 at. % at noncoincident ones. On the Au-rich side of the phase diagram, Fig. 8 , the symbols have the same significance as in Figs. 4 and 6 . No sites were detected with significant enhancements in the platinum concentration. In the first plane the average concentration of solute is 0.43 at. % for coincident sites and 0.57 at. % for noncoincident. In the second plane the solute concentration is practically the same, 0.89 and 0.90 at. %, for coincident and noncoincident sites, respectively. It is important to note that noncoincident sites in the X = 5 GB are strongly affected by solute segregation (on both sides of the phase diagram), while in the lower-angle GB's, £ = 25 and X = 13, the sites of the same type at the intersections of screw dislocations exhibit little solute segregation. This means that atomic sites of the same type can have different propensities for segregation in different GB's. These observations contradict our earlier hypothesis10 that in (002) twist GB's segregation is confined to the cores of the primary GB screw dislocations, the solute concentrations at those sites do not depend on the misorientation, and the total value of rsolute is determined only by the planar fraction of the GB area taken by the cores; whereas now we find that in the perfect crystal-like regions solute segregation effects increase with decreasing planar fraction of such regions, while in the £ = 5 units it increases with their increasing planar fraction. Furthermore, the observed dependence on the GB misorientation cannot solely be explained on the basis of solute-solute interactions, because even in the most enhanced sites the solute concentrations do not exceed several atomic percent.
In addition, the 2 = 5 (0 = 36.9°) GB on both sides of the phase diagram hosts a small number of "defects" in the form of GB unit cells being displaced by one atomic plane in either perpendicular direction away from the main geometric plane of the interface. An example of such a defect is shown in Fig. 9 . Only two (002) clearly seen against the regular structure. Such defects were observed in molecular dynamics simulations of the 2 = 5 (d = 36.9°) GB's in gold,27 as well as in our previous Monte Carlo studies for Ni-Pt. 13 Recently we observed this defect in the same GB in pure nickel and copper. 28 The frequent appearance of this defect at finite temperatures in different materials indicates a general phenomenon and is a manifestation of GB "roughening." This defect may play an important role in phenomena such as GB migration or short-circuit diffusion. This matter, however, requires special investigations and is beyond the scope of the present paper.
IV. DISCUSSION AND SUMMARY OF MONTE CARLO RESULTS
The Gibbsian interfacial excess of solute, rsoiute! can be either positive or negative, depending on the sign of the derivative of the right-hand side of Eq. (1). This means that either net enhancement or net depletion of solute can occur at an interface. One of the main challenges of segregation theory is to find a relationship between the type of solute segregation (enhancement or depletion) and the properties of the solvent and solute species. The answer has been sought in the thermodynamic properties of the pure elements (surface tensions, cohesive energies, melting points)29 or properties of the binary phase diagrams (solubility limits30 and slope of the liquidus31). Another approach attempts to estimate elastic interactions of solute atoms with the elastic fields of GB's. 32 The simulations now available for twist GB's indicate that an oversized solute is always enhanced, both at low angle and high angles, independent of the inhomogeneity misfit factor. The examples are Pt(Au),10-11 Ni(Pt),12'13 and Ni(Cu).9-14-16 The spatial pattern of segregation, on an atomic scale, appears to be the same for all these systems. At low angles the enhanced areas form bipyramidal structures based on the cells of the square grid of primary GB screw dislocations. These areas are normally considered to be areas of good atomic fit, or perfect crystal-like regions, because the relaxation pattern is pure rotation around the elements of the O-lattice. 28 The areas above the dislocation lines are not enhanced in solute. This trend continues to high-angle GB's, as the areas of good atomic fit shrink, and the concentration of solute at them increases. The fact that an oversized solute atom is always enhanced at twist boundaries points to the size misfit effect as an origin of segregation. In twist GB's the size misfit effect arises as a second-order PA.V effect due to the nonlinear expansion of the cores of the screw dislocation.32 There is, however, a problem with the sign of the effect. Oversized atoms should be attracted by tensile hydrostatic stresses. It agrees with the results of the free-energy minimization studies that show tensile stresses in the areas of good fit in (002) twist GB's. 16 On the other hand, linear elasticity analysis33 rales out the presence of tensile stresses in the elastic region within a square grid of screw dislocations-only compressive stresses are predicted in this situation. This contradiction needs to be resolved by performing detailed studies of local stresses at GB's and individual dislocations.
The situation becomes more complicated when the solute atom is smaller than the solvent atom. In this case we have a net solute depletion in some systems, Au(Pt)11 and Cu(Ni),14-16 and enhancement in others, Pt(Ni)1213 and Au(Cu).34 Depletion of an undersized solute, Pt, occurs exactly in the same regions where enhancement occurs for an oversized solute, Au, on the other side of the phase diagram. This is in good agreement with realistic size misfit considerations: if a site is under tensile stress and attracts oversized solute atom, it should repel an undersized solute atom, provided, of course, that the sign of the hydrostatic stress at the GB sites remains the same when going to a different material. In the case when an undersized solute, Ni, is enhanced at a GB it is found predominantly in the areas where the oversized solute, Pt, is not enhanced on the other side of the phase diagram. At this point it is difficult to provide a rationale for this behavior. More information is necessary about solute-atom segregation in different binary alloy systems, as well as about the microscopic mechanisms of segregation, to understand this behavior.
V. COMPARISONS OF MONTE CARLO RESULTS WITH EXPERIMENTS
The question naturally arises as to how much of this rich detailed atomistic information can be experimentally observed. At present the only experimental approaches that can determine directly the chemical identities of individual atoms on an atomic scale are atom-probe fieldion and tomographic atom-probe microscopies.35"39 Both these microscopes employ time-of-flight mass spectroscopy to determine directly, without data deconvolution, the mass-to-charge state ratio of individual atoms that are removed from the surface of a specimen, via the field-evaporation process essentially one atom at a time. The atom probe yields information that is twodimensional in character; that is, one can measure the average concentration in an atomic plane as a function of depth and therefore obtain a concentration associated with a GB. While the recently invented tomographic atom probe40-41 yields a three-dimensional map of the positions of all atoms in a crystal (the depth resolution is equal to the interatomic spacing along the direction being analyzed and the lateral resolution in an atomic plane is approximately 0.3 to 0.5 nm), the latter is limited by the transparency (=60%) of the channel electron multiplier array used to detect field-evaporated ions. Thus the tomographic atom probe is ideally suited to study the detailed atomistics of GB segregation that we have elucidated employing Monte Carlo simulations.
We have extensively employed atom-probe microscopy, in combination with transmission electron microscopy (TEM),42'43 to study solute segregation at individual GB's; TEM is used to determine the five macroscopic DOF of each GB prior to an atom probe analysis.5'8'44^6 Atom probe microscopy directly yields solute-atom segregation profiles of the type shown in Figs. 1 and 2 . To date we have systematically studied GB's in the Pt(Ni),47 W(Re),48~50 and Fe(Si)51"53 systems employing this combined TEM/atom probe approach. The experimental results on the W(Re) and Fe(Si) systems have established, for the first time, that there is a relationship between the macroscopic DOF and the Gibbsian interfacial excess of solute, rsoiute, at individual GB's. The experimental results have also demonstrated that both monotonically decaying solute concentration profiles exist at GB's as well as oscillatory profiles. Our experimental results have also shown that these profiles have widths that are of the atomic dimensions; that is, the solute concentration at a GB decays to the bulk value within a few interatomic spacings and the decay distance is a function of the twist angle, with the lowest angle boundaries having the longest decay distance. We have also demonstrated, for the first time, that oscillatory segregation profiles exist in all three systems studied; the oscillatory profiles were observed mainly for mixed twist-tilt GB's.
VI. CONCLUSIONS
(1) We present results of Monte Carlo simulations of solute-atom segregation at high-angle symmetrical (002) twist boundaries for dilute single-phase alloys on both sides of the Au-Pt phase diagram at 850 K. The boundaries studied have the following 6 misorientations: 16.3° (2 = 25), 22.6° (2 = 13), and 36.9° (2 = 5). On the Pt-rich side of the phase diagram solute enhancement is observed at GB's, while conversely on the Au-rich side solute depletion is detected.
(2) The correlation between GB structure and solute concentration at GB's continues the trends observed for low-angle GB's.10"12 The structural units (SU's) associated with the perfect crystal are enhanced in solute on the Pt-rich side of the phase diagram and depleted in solute on the Au-rich side. Dislocation-like filler units show no significant deviation from the bulk solute concentration.
(3) Segregation levels, enhancement or depletion, depending on the side of the phase diagram, at the perfect crystal-like regions in the 2 = 25 and 2 = 13 GB's, are different. They increase with the decreasing planar frac-tion of such regions in the GB. Similarly, the structural units at the intersections of primary GB screw dislocations exhibit much smaller segregation than the same units in the X = 5 GB. This means that atomic sites at specific GB structural units may have different segregation propensities in different GB's. In the perfect crystallike regions segregation effects increase with decreasing planar fraction of such regions, while in the X = 5 units it increases with increasing planar fraction. All this contradicts our earlier hypothesis10 that solute-atom segregation mainly occurs at the cores of primary GB dislocations and that the segregation free energies in those regions do not depend on the interdislocation spacing.
(4) GB roughening (perpendicular displacements of individual periodic cells by one (002) plane either side of the interface) is observed in the X = 5 boundary on both sides of the Au-Pt phase diagram. A similar phenomenon was found earlier in Monte Carlo studies of the same GB in different materials,13'28 as well as in molecular dynamics simulations. 27 These results point to the general nature of this phenomenon.
(5) A comparison is made with our extensive experimental results obtained via the atom-probe fieldion microscope technique for the Pt(Ni), W(Re), and Fe(Si) systems. It is demonstrated that the atomic widths obtained with this experimental technique are similar to those obtained via Monte Carlo simulations, for example, those displayed in Figs. 1 and 2 . The information obtained from the atom probe technique is essentially two-dimensional; that is, it can yield segregation profiles of the type exhibited in Figs. 1 and 2 , and the Gibbsian interfacial excess of solute. It is also pointed out that the recently invented tomographic atom probe has the capability of measuring the rich detailed atomistic information obtained via Monte Carlo simulations.
